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Abstract

ProAKAP4 is synthetized as a precursor polypeptide that must be converted into mature AKAP4 in living spermatozoa and 
is considered as a functional marker of spermatozoa. The gene is well-conserved in mammals although uncharacterized 
in Camelidae. In the present study, we investigate the expression metabolism of proAKAP4 and AKAP4 proteins and 
evaluate their seasonal dynamics relative to semen quality in dromedary camels. Semen parameters including volume 
and viscosity and characteristics of sperm including concentration, total production, total and progressive motility, 
vitality, acrosome integrity and morphological abnormalities were assessed in semen samples collected weekly from six 
camels during the rutting season, from November to April. Only total sperm production varied, peaking in January. Both 
the precursor proAKAP4 and AKAP4 proteins were investigated and shown to express biochemical properties similar to 
those described in other mammals. ProAKAP4 concentrations expressed in ng/10 million spermatozoa as assayed using a 
specific ELISA showed a strong positive correlation with ejaculate volume (P = 0.045), viscosity (P < 0.001) and sperm total 
motility (P = 0.049). Furthermore, their concentrations exhibited clear seasonal variations in camel semen. In conclusion, 
the assessment of proAKAP4 concentrations in camel sperm provides a novel parameter to assess sperm quality. Further 
studies should be performed to investigate proAKAP4 concentrations relative to fertility in Camelidae that may help to 
define the right time for mating and semen collection and increase the success of breeding programs.

Lay summary

Breeding related to the seasons/time of year in the camel has been reported in several studies. A better knowledge of 
semen quality during the breeding season would assist in determining the best period for mating in camels. However, 
conventional sperm parameters are held to be unsatisfactory because they cannot predict breeding potential. ProAKAP4 a 
sperm-specific protein has been described as a functional marker of sperm and a key fertility marker in several species but 
has not been described in camels. Motility or membrane integrity parameters of semen collected throughout the breeding 
season and also the presence of proAKAP4 protein were investigated. ProAKAP4 was identified for the first time in camels 
and their concentrations exhibited clear seasonal variations in camel semen showing strong correlations with ejaculate 
volume and total motility and viscosity. Further studies should be performed to investigate proAKAP4 concentrations 
relative to fertility in camels to define the right time for mating and increase the success of breeding programs.
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Introduction

Seasonality in the male dromedary and its influence on 
reproductive variables has been reported in several studies 
(Yagil & Etzion 1980, Deen 2008, El-Harairy & Attia 2010, 
Swelum et  al. 2018a). The breeding season will vary with 
the geographical location, management and nutritional 
status. A better knowledge and definition of semen quality 
during the rutting season would assist in determining the 
best month for semen collection, cryopreservation and 
also for mating in Camelidae.

Spermatogenesis in dromedary camels takes place 
throughout the year though with greater intensity from 
November to March (rutting season: Tingari et  al. 1984, 
El-Kon et al. 2011) when a significant increase in testicle 
weight and size has been reported (Zeidan et  al. 2001, 
Pasha et al. 2011). In a recent study, Al-Bulushi et al. (2019) 
confirmed the seasonal changes of testis function and 
accessory gland size through the year in the Gulf region 
of the Middle East countries, showing greater values 
from December to February and the least in June and 
July. These anatomical changes are associated with sperm 
parameter variations including greater volume, motility, 
velocities and viability during the rutting months (Deen 
2008). Meanwhile, no seasonal differences were found in 
sperm morphology, findings similar to those of Swelum 
et al. (2018b).

However, conventional sperm parameters are held 
to be unsatisfactory because they do not not correlate 
well with fertility and cannot predict breeding potential 
(Khatun et  al. 2018). Thus, new test methods have been 
established to better investigate relationships between 
sperm physiology and functionality. To this end, several 
studies have investigated concentrations of the protein 
ProAKAP4 as they relate to predictions of male fertility 
(Sergeant et al. 2019).

ProAKAP4 (A-kinase anchor protein 4) has been 
described as a functional marker of spermatozoa and a 
key fertility marker (Delehedde et  al. 2018, Nixon et  al. 
2019, Sergeant et  al. 2019, Greither   et  al. 2020). This 
sperm-specific protein is highly conserved from reptiles 
to mammals (Hu et al. 2009, Blommaert et al. 2019, Nixon 
et al. 2019, Sergeant et al. 2019). Structurally, proAKAP4 is 
expressed as a precursor protein that must be converted by 
proteolytic cleavage in living spermatozoa into the mature 
AKAP4 protein. This conversion process occurs during 
spermatogenesis starting at spermatid stages and only in 
living motile spermatozoa. Lack of proAKAP4 conversion 
is encountered in transgenic models invalidated for 
intraflagellar transport proteins 81 and 174 both of which 

cause defective spermiogenesis and male infertility (Qu 
et al. 2020, Zhang et al. 2020). Both proAKAP4 and AKAP4 
proteins are among the most abundant proteins of the 
principal piece of the flagellum and they are essential for 
flagellum formation and for the structure of the fibrous 
sheath that surrounds the axoneme (Fang et  al. 2019, 
Xue   et  al. 2020). Moreover, AKAP4 actively coordinates 
the core transduction signals that together regulate sperm 
function including motility, capacitation and fertility 
(Sergeant et  al. 2019, 2020). Spermatozoa are immotile 
and animals are infertile in transgenic mice invalidated 
for proAKAP4/AKAP4 expression (Miki et  al. 2002, Fang 
et al. 2019, Fu et al. 2019). Additional evidences show that 
a striking under-representation of AKAP4 is reported in 
spermatozoa of infertile human patients (Moretti et  al. 
2007, Redgrove et al. 2012, Frapsauce et al. 2014, Delehedde 
et al. 2019a) and recently in hybrids of cattle and yaks that 
are sterile (Wu et  al. 2020). Positive correlations between 
the levels of proAKAP4 expression, with key sperm quality 
and fertility indicators, have been reported in a number of 
livestock species including bulls, pigs, rams and stallions 
(Peddinti et al. 2008, Blommaert et al. 2019, Sergeant et al. 
2019, Riesco et al. 2020).

In this study, we investigated classic parameters of 
semen collected throughout the rutting season and also 
expression of proAKAP4 and AKAP4 sperm proteins as they 
relate to season and semen quality.

Materials and methods

Animals and semen collection

The study was conducted between November (2018) and 
April (2019) at the Camel Reproduction Centre, Dubai, 
UAE. The average humidity and temperature per month 
have been included in Table 1 (latitude 25.272577°N; 
longitude 55.364445°E).

Six adult dromedary camel males, 8 to 10 years old, 
of proven fertility were used in this study. Ejaculates were 
obtained weekly from each male using an artificial vagina 
(Skidmore et  al. 2013), between November and April. 
Full ejaculates were immediately taken to the laboratory 
and placed in a 37°C water bath. Non sequential 
ejaculate fractions can differ in camel ejaculates. All 
animal procedures were approved by the Animal Welfare 
and Ethics Committee of the Camel Reproduction  
Centre, UAE.
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Semen assessment

The volume and viscosity of the ejaculate were recorded 
immediately after the collection. Semen viscosity was 
scored on a scale of 1–5. Briefly, semen was drawn into a 2 
mL plastic pipette and the difficulty of pipetting it up and 
down was assessed: 1: no viscosity; 2: some viscosity but it 
can be pipetted easily; 3: some difficulties to be pipetted, 
more strength must be applied; 4: it can barely be pipetted 
up; 5: it cannot be pipetted at all.

Fresh ejaculates were extended 1:4 in pre-warmed Tris–
citrate–fructose buffer (TCF, pH 6.9; 340 mOsm) composed 
of 300 mM Tris, 94.7 mM citric acid and 27.8 mM fructose 
(Evans & Maxwell 1987). BSA (0.05%) and EDTA (10 mM) 
were added with 4% (v:v) egg-yolk and the solution was 
filter-sterilized (0.22 µm).

Semen samples were incubated at room temperature 
with gentle pipetting (30–45 min), to achieve liquefaction, 
then assessed for sperm motility, concentration, total 
sperm production, morphology, vitality and acrosome. 
One mL of each sample was stored at −80°C for the 
proAKAP4 analysis. They were subsequently thawed for 1 
min at 37°C.

Motility
To determine sperm total and progressive motility and 
initial concentration, aliquots of semen samples (2 µL) were 
placed in a disposable chamber slide (Cytonix, Beltsville, 
MD; USA) that to be analyzed using CASA (CEROS II®; 
Hamilton Thorne; MA; USA) under negative phase contrast 

microscopy and ×10 objective. For each evaluation, a 3 μL 
aliquot of the sperm sample was placed in a disposable 
capillary counting chamber (MicroToolTM, Cytonix, USA) 
which provides a chamber depth of 20 µm; four fields were 
analyzed (approximately 400 sperm in total) at a frame 
rate of 30/s. Particles of size between 13 and 101 μm were 
considered to be spermatozoa. Setting for progressive 
motility was: STR > 70% and VAP > 40 μm/s. Semen was 
diluted to obtain between 100 and 120 spermatozoa per 
field. Total sperm production was calculated by multiplying 
the initial volume by the initial concentration.

Morphological abnormalities
Eosin-nigrosin staining was used to assess morphology 
(Agarwal et  al. 2016). One drop of the sample was mixed 
with one drop of stain and spread on a glass slide. The smear 
was dried and immediately observed under the microscope 
to assess the percentages of abnormal heads, middle pieces 
and tails as well as the presence of droplets. A total of 200 
sperm were evaluated.

Membrane integrity
Plasma membrane integrity was evaluated using the 
fluorescent probes SYBR-14 (SY) and propidium iodide 
(PI) according to the manufacturer’s instructions 
(L-7011, Live/Dead Sperm Viability Kit; Molecular Probes 
Europe). Briefly, 30 µL of liquefied semen was diluted 
with 6 µL SYBR-14 solution (final concentration: 20 
µM) and incubated 10 min at 38°C in 5% CO2 and then 

Table 1 Semen parameters analyzed from November to April.

Variables Nov Dec Jan Feb Mar Apr

Temperature (°C average) 27 23 22 22 23 29
Humidity (%; average) 55 57 57 55 55 40
Volume (mL) 2.19 ± 0.44 3.40 ± 1.18 4.00 ± 0.58 4.30 ± 0.73 4.10 ± 0.51 2.90 ± 0.95
Viscosity (1–5) 2.50 ± 0.34 2.60 ± 0.51 2.67 ± 0.33 3.00 ± 0.00 2.80 ± 0.20 2.60 ± 0.24
Concentration (M/mL) 460.00 ± 94.36 310.00 ± 128.34 610.00 ± 376.34 434.00 ± 64.70 386.3 ± 51.59 439.00 ± 125.86
Total production 1188 ± 297a,b 905 ± 375c,d,e,f 2796 ± 67g,h,i 1766 ± 286b,d,g 1569 ± 647e,h 1576 ± 1997f,i

Total motility (%) 49.36 ± 7.12 45.58 ± 13.19 75.77 ± 4.32 50.92 ± 4.12 60.26 ± 7.41 57.12 ± 12.90
Progressive motility (%) 21.49 ± 4.63 16.46 ± 4.68 34.37 ± 2.10 10.58 ± 1.19 7.46 ± 2.08 4.52 ± 1.58
Vitality (%) 55.25 ± 5.33 52.60 ± 12.21 77.33 ± 7.80 55.00 ± 4.25 59.20 ± 7.44 59.80 ± 12.75
Acrosome integrity (%) 80.75 ± 6.63 80.40 ± 6.37 87.67 ± 4.70 71.40 ± 4.55 69.10 ± 16.43 72.80 ± 7.00
Morphological 

abnormalities (%)
11.38 ± 2.15 12.40 ± 3.44 9.67 ± 1.67 12.80 ± 1.56 13.20 ± 1.93 11.60 ± 2.68

Head (%) 3 ± 0.7 6 ± 2.59 6.33 ± 2.85 5.83 ± 1.53 2.0 ± 1.22 2.0 ± 0.71
Tail (%) 5.12 ± 1.78 3.20 ± 1.39 1 ± 0 2.4 ± 0.75 5.6 ± 3.78 7.2 ± 5.45
Principal (%) 0.13 ± 0.17 1.0 ± 1.0 0.0 ± 0.0 0.4 ± 0.4 0.6 ± 0.55 0.4 ± 0.89
Droplets (%) 3.13 ± 0.98 2.20 ± 1.71 2.33 ± 1.20 4.20 ± 1.16 5.00 ± 2.55 2.00 ± 1.22
proAKAP4 ng/10 M 

spermatozoa
4.72 ± 0.26 4.46 ± 1.24 5.78 ± 1.51 12.43 ± 1.31 18.45 ± 11.82 11.42 ± 9.4

aNov vs Jan: P < 0.0001; bNov vs Feb: P = 0.016; cDec vs Jan: P < 0.0001; dDec vs Feb: P = 0.0001; eDec vs Mar: P = 0.0086; fDec vs Apr: P = 0.0079; gJan vs Feb: 
P = 0.0004; hJan vs Mar: P < 0.0001; iJan vs Apr: P < 0.0001.
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1 µL of PI solution (final concentration: 12 µM) was 
added (Malo et  al. 2019). Paraformaldehyde (1 µL of 
4%) was added to the sample to immobilize the sperm 
and then an additional 30 µL of extender was added. 
Spermatozoa were allocated to 'intact membrane' or 
'dead' classifications if they exhibited SY+/PI− (green) 
and SY−/PI+ (red) staining, respectively. A total of 200 
sperm were counted per sample and the percentage of 
viable sperm was calculated.

Acrosome status
Acrosome status was assessed by FITC conjugated with 
peanut agglutinin (FITC-PNA) as described by Malo et  al. 
(2019). Briefly, 30 µL of liquefied semen was diluted with 
170 µL of green buffer (IMV, France), 6 µL FITC-PNA solution 
(2 mg/mL) (final concentration 0.06 ng/mL) and 0.5 µL 
of 4% paraformaldehyde. Spermatozoa were allocated to 
'damaged acrosome', or 'intact acrosome' classifications if 
they exhibited PNA+ (green acrosome) and PNA− (absence 
of color) staining, respectively. In total, 200 spermatozoa 
were assessed per sample, and the percentages of intact 
acrosome sperm were calculated.

ProAKAP4

Quantification of ProAKAP4 concentration by ELISA
ProAKAP4 concentrations were quantified using the 
ELISA assay Camel 4MID® Kit (4BioDx, France). Thawed 
samples (50 µL) were mixed with 450 µL of the camel lysis 
buffer and subjected to ELISA quantification according 
to the manufacturer’s instructions (Ref. 4VDX-19K11, 
4BioDx, France). Then, 100 µL of the lysed semen sample 
preparation was loaded into each well of the 96-well 
plate of the Camel 4MID® Kit and incubated at ambient 
temperature on an orbital shaker at 300 rpm (4BioDx, 
France). The resulting color intensity was proportional 
to the amount of ProAKAP4 present and measured as the 
optical density by spectrophotometry at a wavelength 
of 450 nm. Results of ProAKAP4 concentrations were 
expressed in ng/10 million spermatozoa (ng/10 M 
spermatozoa) following the camel 4MID® Kit User 
instructions.

Analysis of camel ProAKAP4 and AKAP4 by 
Western blotting
For Western blotting analysis, one volume of thawed 
semen was first added to one volume of 10 mM Tris–HCl 
pH 6.8 containing 2% SDS. Total protein concentrations 
of the semen preparation were quantified by using 

Bradford’s method (BioRad). Then 50 µL of the Tris-SDS 
sample was added to one volume of 2× concentrated 
NuPAGE LDS sample buffer (ThermoFisher) to reach equal 
protein concentration in each sample. NuPAGE sample 
reducing agent (ThermoFisher) was added (10 µL) to 
each sample that was then rapidly mixed using a vortex 
and heated in a dry-bath for 10 min at 80°C. Then equal 
amounts (25 µg) of sperm protein preparation were loaded 
on polyacrylamide gels (4–12% NuPage Precast Gels) 
and run up to 45 min. After gel electrophoresis, proteins 
were transferred onto 0.45 µm nitrocellulose membranes 
(G&E Healthcare) using a Liquid Transfer System (Life 
Technologies). The membranes were then blocked in a 
25 mM Tris–HCl (pH 8.0), 150 mM NaCl and 0.1% (v/v) 
Tween 20 (TNT Buffer) solution with 5% skimmed milk 
added. Membranes were rinsed three times (10 min each) 
with TNT before being placed at 4°C overnight in the 
presence of the first antibody at a dilution of 1:4000 either 
with the anti-AKAP4 clone 10F8 (4BioDx, 4BDX-1805) 
or with the clone 6F12, a MAB anti-ProAKAP4 (4BioDx, 
4BDX-1701, France). After three washing steps in TNT over 
a period of 10 min, the secondary anti-mouse antibody 
coupled to horseradish peroxidase (dilution at 1:50,000 
from Vector Laboratories, Burlingame, CA USA) was added 
to the nitrocellulose membranes then revealed using the 
ECL™ chemiluminescence kit (G&E Healthcare). Images 
were acquired using the Image Quant™ LAS 4000 system 
(G&E Healthcare).

Electron microscopy
Thawed camel spermatozoa were first fixed for 1 h at 4°C in 
a solution of 0.1 M phosphate buffer (pH 7.4) containing 
2% (v/v) paraformaldehyde and 0.05% glutaraldehyde 
(v/v), then dehydrated by immersion in increasing 
concentrations of ethanol and embedded in LR White 
Resin (EMS, USA). After sectioning, the samples on grids 
were incubated for 30 min at room temperature in TBS 
buffer (Tris–HCl (pH 8.0, 150 mM NaCl, 0.1% (v/v), pH 
8.0) containing 1% (v/v) normal goat antiserum and 1% 
(w/v BSA). They were subsequently incubated with the 
monoclonal anti-proAKAP4 antibody clone 6F12 diluted at 
1:50 in the same buffer. After three washes in TBS, the grids 
were incubated with a 12 nm colloidal gold-conjugated goat 
anti-mouse IgG (H+L) antibody (Jackson Immunoresearch 
Laboratories) diluted 1:50 in the same buffer. Control 
grids were prepared with colloidal-conjugated antibody 
alone. Following three washes in TBS, all grids were fixed 
and counterstained with 2% uranyl acetate. Grids were 
observed and photographed using a Zeiss transmission 900 
electron microscope.
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Statistical analysis

Statistical analyses were performed using Prism 8.2 
GraphPad software (GraphPad Software). Linear 
correlation analyses were performed with the Spearman’s 
rank correlation test, and differences between groups 
were determined by a non-parametric paired samples 
t-test, Mann–Whitney U-test or a two-way ANOVA test 
for comparison of sperm parameters. Statistical tests 
were considered as significant for P values below 0.05 
(*P < 0.05; **P < 0.01; ***P < 0.001). Values are given as the 
means ± s.e.m.

Results

ProAKAP4 homology sequence analysis

AKAP4 is a well-known marker of sperm quality although 
proAKAP4 or AKAP4 polypeptides are not yet fully 
characterized in Camelidae semen. First, the homology 
of proAKAP4 protein sequences referenced in repository 
protein banks was compared between Camelus dromedarius 
(XP_010979579.1), Camelus bactrianus (XP_010962425.1) 
and Camelus bactrianus ferus (S9W656). Protein sequence 
homology between these three Camelidae species shares 
more than 95.85% (Fig. 1). Furthermore, AKAP4 protein 
sequence of C. dromedarius is more than 85% homologous 
to that of goat, ram and bull proAKAP4 and 79.32% 
homologous with human proAKAP4 protein sequence (Fig. 
2A) which is also consistent with the ontology analysis 
showing that AKAP4 orthologues are in this same genetic 
cluster with goat, ram, bull, yak and alpaca. ProAKAP4 
is converted in AKAP4 functional protein following the 
cleavage at an asparagine-rich stretch followed by glutamine 
residue 180 (according to the numbering the sequence 
number from 177 to 180 of C. dromedarius XP_010979579.1, 
Fig. 1) corresponding to a highly conserved sequence of 
the prodomain cleavage site necessary for the conversion 
of proAKAP4 into AKAP4. This sequence and cleavage site 
of the Camelus proAKAP4 amino acid sequence is 100% 
homologous between mammalian species, suggesting a 
highly conserved mechanism of proAKAP4 conversion to 
AKAP4 among these species for regulating the amount of 
released AKAP4 functional protein.

Both proAKAP4 and AKAP4 polypeptides are 
expressed in camel semen

ProAKAP4 and AKAP4 expression in camel semen 
were analyzed by immunoblotting using specific 

AKAP4 antibodies against the prodomain of the 
AKAP4 precursor (anti-proAKAP4 clone 6F12) and an 
anti-AKAP4 antibody (clone 10F8) against an epitope 
localized at the C-terminus of the protein. Goat semen 
was also included as a positive control as the homology 
with the proAKAP4 protein sequence of C. dromedarius 
is theoretically the highest. Both in camel and goat 
semen, the anti-ProAKAP4 clone 6F12 immunoblotting 
showed two bands at identical molecular weights of 100 
kDa (proAKAP4) and 82 kDa (AKAP4). Together with 
the 100and 82 kDa bands, an additional band at 25 kDa 
was observed (Fig. 2B) that corresponds to the cleavage 
product generated by the conversion process of proAKAP4 
into AKAP4. This 25 kDa polypeptide is specifically and 
only detected with proAKAP4 (clone 6F12) antibody, 
not with the AKAP4 antibody, and was then referred to 
as the prodomain of proAKAP4 (Fig. 2B). Both proAKAP4 
and AKAP4 proteins were detected in camel semen with 
10F8 MAB, at 100 and 82 kDa, respectively (Fig. 2B). The 
100 kDa band corresponds to the full-length proAKAP4, 
and the second band at 82 kDa corresponds to the 
mature AKAP4 protein resulting from the conversion of 
proAKAP4 at the glutamine residue 188 of C. dromedarius 
AKAP4 protein sequence (Fig. 1). The prodomain band 
at 25 kDa was not observed with the 10F8 antibody 
that only detected C-terminus proAKAP4 and AKAP4 
m4 molecules. Then the proAKAP4/AKAP4 localization 
inside spermatozoa was assessed by immunogold labeling 
and electron microscopy. Ultrastructure immuno 
labeling with monoclonal anti-proAKAP4 antibodies 
showed a restricted localization in the fibrous sheath of 
the principal piece of the flagellum, as confirmed with 
both longitudinal and coronal sections of the camel 
spermatozoa flagellum (Fig. 3A and B). Immunogold 
particles were never observed in other structures (outer 
dense fibers or microtubules) of the flagellum including 
the intermediate piece (Fig. 3C) or in other parts of the 
spermatozoa such as the head, the acrosome or the neck 
(data not shown). The head or principal piece of the 
flagellum was not stained by the secondary gold- labeled 
antibody alone (Fig. 4). Taken together, these results show 
that proAKAP4 protein is expressed in camel spermatozoa 
and converted into AKAP4 and is specifically localized in 
the flagellum and, more precisely, in the fibrous sheath 
of the principal piece as previously described in other 
mammal species. Quantifying the variations of proAKAP4 
concentrations in camel semen appears then a relevant 
approach to further investigate semen quality in camels 
during the breeding season.
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Figure 1 Reference sequences of proAKAP4/AKAP4 protein from Camelus dromedarius, Camelus bactrianus and Camelus ferus used for the homology 
analysis. The protein repository references of the predicted proteins sequences are indicated in FASTA format.
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In vitro sperm quality parameters and seasonality

The data for the mean volume, viscosity, concentration, 
total and progressive sperm motility, vitality, acrosome 
integrity and morphological abnormalities are reported for 
each month from December to April in columns (Table 1).  
A two-way ANOVA statistical analysis was performed 
and shown that variance between months accounts for 
0.8013% of the total variance (F = 2.19; DFn = 5, DFd = 332 
and the P value = 0.0553). Sperm parameters account for 
73.05% of the total variance (F = 76.71; DFn = 13, DFd = 322 
and P value is below 0.0001, ***). While considering 
month and sperm parameters, the interaction accounts for 
7.627% of the total variance (F = 160; DFn = 65, DFd = 322 
and P value = 0.0045, **). Differences were observed for 
total sperm production along the rutting season (Table 
1). November presented significantly higher values than 
December, and January sperm production increased when 
compared to December and February. Greater sperm 
production was seen in March and April than in December 
and November (Table 1), all of which were significantly 
correlated. As shown in Table 1, no differences were 
observed in acrosome integrity, abnormalities, droplets and 
viscosity parameters during the rutting season. In contrast, 
other sperm parameters were significantly modified during 
the rutting season. January exhibited the highest values 
of sperm production and total motility and progressive 

motility (Table 1) whereas proAKAP4 concentrations were 
at their highest in March.

ProAKAP4 concentrations were then analyzed and 
compared to classic sperm parameters. As observed by 
Western blotting, the total amount of proAKAP4 in camel 
semen was modulated from November to April (Fig. 5A). 
The proAKAP4 100 kDa band intensity progressively 
increased from November to March and then decreased 
in April, showing modifications of proAKAP4 expression 
along autumn, winter and spring. The concentration of 
proAKAP4 using the Camel 4MID® ELISA Kit to quantify 
these variations in semen collected month by month was 
assessed then (Table 1). The concentrations of proAKAP4 
were expressed in ng per 10 million spermatozoa (ng/10 M  
spermatozoa). Average proAKAP4 concentrations 
seasonally remained similar in November and December, 
started to increase from January with a maximum observed 
in March when ProAKAP4 concentration was up to five-fold 
higher than the concentrations observed in November/
December (Fig. 5B). Therefore, the average ProAKAP4 
sperm parameter values clearly show monthly differences 
with the ProAKAP4 expression significantly higher 
in March. While considering ProAKAP4 in individual 
ejaculates, the ProAKAP4 concentrations ranged from a 
minimum of 0.25 ng/10 M spermatozoa to a maximum 
of 39.24 ng/10 M spermatozoa, exhibiting large variations 
among males that therefore account for about a 120-fold 

Figure 2 Both proAKAP4 and AKAP4 are expressed in camel spermatozoa. (A) Sequence alignment of proAKAP4 from Camelus, Capra, Ovis, Bos taurus or 
Homo sapiens using Mulatlin alignment application (http​://mu​ltali​n.tou​louse​.inra​.fr/m​ultal​in/).​ Homologous amino acid residue is indicated in blue. In 
red are the amino acids from the same biochemical family whereas differences are in black and indicated by dots. (B) Western blot analysis of proAKAP4 
and AKAP4 expression in total protein from semen of camel or goat. Proteins were separated using (4–12%) SDS-PAGE gels. ProAKAP4 on the left panel 
was stained with the proAKAP4 monoclonal antibodyMAB clone 6F12 while AKAP4 MAB clone 10F8 s8 staining is shown on the right panel. Apparent 
molecular weights from 220 to 20 kDa are indicated on the left of the Western-blot lanes.
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difference between individuals in semen quality based on 
the proAKAP4 sperm parameter. More precisely, among 
samples, the mean proAKAP4 concentration ± s.e.m. was 
8.701 ± 1.28 ng/10 M, the median, 25% and 75% percentiles 
were at 6.16, 3.67 and 10.73 ng/10 M spermatozoa, 
respectively. Interestingly a positive correlation (P = 0.016) 
was found between proAKAP4 concentrations and total 
sperm production. proAKAP4 sperm parameters were also 
positively correlated with ejaculate volume (P = 0.045), 
viscosity (P < 0.001) and with the total motility (P = 0.049). 
ProAKAP4 concentration was significantly correlated 
with total motility (n = 33, r = 0.35, P  = 0.049) (Fig. 6A). 
The proAKAP4 concentrations in ng/10 M were also 

positively correlated with the volume of the ejaculates 
(Spearman rank test; n  = 33; r = 0.35; P = 0.042) and the 
viscosity (n = 33; r = 0.54; P = 0.0009) (Fig. 6A). Based on 
the average concentration of proAKAP4 of all camel semen 
samples assessed, the mean value of each sperm parameter 
obtained below and above the threshold of 8.5 ng of 
proAKAP4/10 M spermatozoa was compared. Interestingly, 
we observed that the viscosity was significantly increased 
as well as the total production and the total motility sperm 
parameters above the threshold of 8.5 ng of proAKAP4/10 
M spermatozoa (Fig. 6B).

Discussion

In this study, the precursor protein of AKAP4 called 
proAKAP4 was analyzed for the first time in camel semen 
and compared to the sperm parameters during the rutting 
season, from November up to April.

Using orthogonal methods, we showed that proAKAP4 
is expressed in C. dromedarius sperm and converted into 
AKAP4. Camel proAKAP4 and AKAP4 are strictly localized 

Figure 3 Localization of proAKAP4 marker in camel spermatozoa by 
electron microscopy. (A) Electron microscopy images of proAKAP4 
immunogold staining (black dots of 20 nm gold particles), in a longitudinal 
section of the proximal part and medial part of the principal piece of the 
flagellum. (B) proAKAP4 immunogold labeling in the coronal section of a 
camel spermatozoa. (C) Coronal section of the intermediate piece of the 
flagellum of camel spermatozoa. The microtubules (MT) of the axoneme 
(Ax) as well as the outer dense fibers (ODF) and mitochondria (MIT) are 
indicated by arrows.

Figure 4 Electron microscopy of the head and principal piece of the 
flagellum incubated with the secondary antibody alone. The head (Head) 
and principal piece are indicated. Note the absence of immunogold 
labeling.

Figure 5 Western-blot analysis of the expression of proAKAP4 in camel 
ejaculates collected from November to April. (A) proAKAP4 precursor was 
detected with the anti-proAKAP4 mouse MAB clone 6F12 from semen 
samples collected in November, February, March and April. ProAKAP4 
staining from goat semen is also showed as a positive control. (B) 
Quantification of proAKAP4 using the Camel 4MID® Kit in semen 
collected in November, December, January, February, March and April. 
The concentration is expressed in ng/10 millions spermatozoa (ng / 10 
million Spz).
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in the fibrous sheath of the principal piece of the flagellum 
which overall is structurally similar to that of other 
mammalian flagellum principal pieces (Jumeau et  al. 
2018, Blommaert et al. 2019, Delehedde et al. 2019a), being 
responsible for the propagation of sperm motility. One of 
the specific functions of AKAP4 is indeed at the level of the 
fibrous sheath of the principal piece of the flagellum and 
therefore the formation of sperm flagellum (Fang et al. 2019, 
Xu et al. 2020). This fibrous sheath surrounds the axoneme 
of the flagellum and contains the molecular machinery 
necessary to regulate and maintain long-lasting motility. 
As a major structural and abundant protein of the principal 
piece of the flagellum, AKAP4 has a central regulatory 
function of sperm motility, hypermotility, capacitation 
and sperm fertility (Delehedde et al. 2019b, Sergeant et al. 
2019). Lack of AKAP4 expression in transgenic models 
leads to a normal total amount of spermatozoa but with 
defective fibrous structure, that results in immotile sperm 
and infertile animals (Miki et  al. 2002, Fang et  al. 2019,  
Xu et al. 2020).

In this study was demonstrated that the proAKAP4 
polypeptide is synthesized and metabolized in 
modulating concentrations in camel ejaculates. During 
spermatogenesis, the AKAP4 gene has first to be translated 
into the proAKAP4 polypeptide, that can then be converted 
in active AKAP4 through the proteolytic cleavage of the 
prodomain to ensure motility. The cleavage site is a highly 
conserved motif consisting of a stretch of three asparagine 
followed by glutamine, that appears to not vary between 
mammals. This conversion cleavage occurs during 
spermatogenesis coincident with flagellum elongation in 
the spermatid stage and will occur in mature spermatozoa 
during motility acquisition, in the ejaculate and along all 
living spermatozoa pathways up to the fecundation site 
(Nipper et  al. 2006, Blommaert et  al. 2019, Dewulf et  al. 
2019, Nixon et al. 2019, Sergeant et al. 2019). The conversion 
process ensures a constant delivery of AKAP4 to maintain 
the spermatozoa flagellum structure and maintenance of 
functional motility. This process was well-established in 
several mammal species including, humans, bulls, pigs and 
horses suggesting that this conversion process is preserved, 
and the motility-regulating functions are then similar 
in camels as in other mammals. Furthermore, a strong 
positive correlation of proAKAP4 concentration with total 
sperm motility was observed with camel spermatozoa. 
AKAP4 expression was previously shown to be significantly 
correlated with total and progressive motility parameters 
in humans, pigs, dogs, bulls and in stallions (Blommaert 
et al. 2018, 2019, Delehedde et al. 2018, 2019b, Jumeau et al. 
2018, Le Couazer et  al. 2019, Ruelle et  al. 2019, Sergeant 
et al. 2019).

Concentrations of proAKAP4 changed during the 
camel rutting period with their highest values occurring 
toward the end of the season (March) when they correlated 
with high total semen production. The proAKAP4 
dosage sperm quality and functionality parameter in the 
dromedary camel may reflect the best fertility period. Low 
levels of AKAP4, and/or that of the proAKAP4 precursor 
molecule, were previously described as a pertinent sperm 
parameter for sperm quality assessments and to predict 
fertility in pig and bulls (Peddinti et  al. 2008, Sergeant 
et al. 2016, 2019, Delehedde et al. 2018, Ruelle et al. 2019). 
ProAKAP4 concentrations have been correlated with 
fertility in pigs (Sergeant et al. 2019), bulls (Peddinti et al. 
2008, Singh et  al. 2019) and mice (Miki et  al. 2002, Fang 
et al. 2019, Xu et al. 2020). It will be interesting to study the 
correlation between ProAKAP4 and fertility in camels.

This study showed for the first time that the proAKAP4 
sperm protein parameter is seasonally expressed in camel 
semen. Sperm parameters were significantly increased 

Figure 6 ProAKAP4 concentrations and classical camel sperm parameters. 
(A) Correlation between proAKAP4 concentrations in ng/10 M of spz as 
measured by ELISA in sperm samples and total motility expressed in 
percentage. (B) Comparative changes in volume, viscosity, total 
production, total motility at a threshold concentration of proAKAP4 8.5 ng 
/ 10 millions of spz. Comparative analyses were performed between 
averaged concentrations over and below the proAKAP4 concentration of 
8.5 ng /10 millions spz. Test were considered as statistically significant 
with P values over 0.05 (*), 0.01 (**) and 0.001 (***).
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with proAKAP4 concentrations above the threshold of 
8.5 ng/10 M of spermatozoa from January until April. 
ProAKAP4 concentrations are associated with better sperm 
quality including semen volume, viscosity, sperm motility 
and total production. ProAKAP4 in ng/10 M spermatozoa 
has provided a good indication of sperm quality, showing 
that it is still high in March that may translate to semen 
reaching its high quality at this time. Previously Sarkar et al. 
(2016) described the AKAP4 gene to be strictly associated 
with active spermatogenesis in both mouse and lizard 
testis and that it is downregulated in the regressed phase 
of the testis during the non-breeding season of lizards 
(Sarkar et  al. 2016). Only total sperm production showed 
differences among the months. Similarly, Al-Bulushi 
et  al. (2019) reported an increase in the quality of the 
ejaculate from December to February. In that study, more 
differences were found in the semen parameters (volume, 
concentration, motility) as they evaluated the seasonal 
changes throughout the year, with values increased 
in January and decreased from May to September. Our 
findings of no differences in sperm morphology within 
the rutting season agree with other reports (Swelum et al. 
2018a, Al-Bulushi et al. 2019). Interestingly, Swelum et al. 
(2018b) demonstrated that short artificial lightening and 
low temperature induced rutting out of season in camels, 
improving seme quality. Similarly, Swelum et  al. (2019) 
demonstrated that melatonin implants improved the 
reproductive performance of bulls during the non-breeding 
and subsequently, breeding season. Unfortunately, we do 
not have information about the non-breeding season in 
this study to compare with.

Spermatozoa in the ejaculate will result from 
spermatogenesis that begins at least a month before or more. 
Interestingly high proAKAP4 concentrations were observed 
in camel semen from January until March suggesting that 
they result from spermatogenesis that began in November/
December. Elevated concentrations from February to 
April with a peak occurring in March suggest that sperm 
quality for banking, artificial insemination or natural 
mating reach their optimal functionality toward the end 
of the rutting season. That ProAKAP4 concentrations are 
indicative of better semen quality, higher fertility and 
high-quality embryos in other mammals have been shown 
in several studies (Delehedde et al. 2019a, Ruelle et al. 2019). 
Using proAKAP4 concentrations as a sperm parameter and 
as an indicator for semen preservation should be evaluated 
in further trials.

Furthermore, since proAKAP4 expression can be 
impaired by several environmental factors including 
oxidative stress (Delehedde et al. 2019b, Nixon et al. 2019), 

proAKAP4 may offer a useful marker to assess sperm 
damage during camel semen preservation.

In conclusion, this study described for the first time 
the proAKAP4 protein in camel semen, its localization in 
the principal piece of the flagellum and the changes in 
proAKAP4 concentrations during the rutting season with a 
peak in March. Correlations with classic sperm parameters 
offer valuable information for the possible use of this 
protein assay to predict sperm quality as it relates to natural 
mating practices and assisted reproduction technologies in 
this camel species.
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